PbSe nanotubes were successfully synthesized by a reactive template approach via solvothermal transformation of trigonal selenium (t-Se) nanotubes in ethylene glycol. It was revealed that a relatively high reaction temperature (e.g., 200
Introduction
As an important family of nanostructures, inorganic nanotubes have received increasing attention since the discovery of carbon nanotubes [1] [2] [3] .
The controlled synthesis of inorganic nanotubes has been the focus of extensive research owing to their unique physical and chemical properties and potential applications in the fabrication of nanoscale devices [4] [5] [6] . It is well known that layered or pseudolayered materials can roll up or grow in a rolled-up fashion to form nanotubes [2, 7, 8] . Alternatively, nanotubes based on non-layered materials can be fabricated by employing various templates such as porous membranes [9] [10] [11] and inorganic nanowires [12] [13] [14] . However, harsh conditions or complicated procedures are generally required to remove these templates. In this regard, sacrificial templates, which act as both reactive precursors and templates, are free from the template removal problem and hence chemical transformation of one-dimensional (1D) sacrificial template 1 Author to whom any correspondence should be addressed.
provides a straightforward and effective route to fabricate nanotubes with desirable compositions [15, 16] . In particular, because of the high reactivity of selenium, trigonal selenium (t-Se) nanowires have been demonstrated to be an effective sacrificial template for the fabrication of a variety of 1D metal chalcogenide nanostructures [17] . Xia et al have successfully synthesized Ag 2 Se nanowires [18] , CdSe nanotubes [19] , and Pt nanotubes [20] by templating against t-Se nanowires; however, the Se template has to be removed to obtain the CdSe and Pt nanotubes. In recent years, a number of simple solution routes have been developed to fabricate Se nanotubes [21] [22] [23] , which can be exploited as a more ideal and powerful tubular sacrificial template. It is noteworthy that CuSe nanotubes [24] and Ag 2 Se nanotubes [25] have been successfully synthesized by templating against t-Se nanotubes through chemical transformation in aqueous solutions. However, it seems difficult to extend this aqueous solution-based chemical transformation process to other metal selenide systems and it remains a challenge to develop simple solution routes to directly convert t-Se nanotubes into nanotubes of other metal selenides.
Lead selenide (PbSe) is an important semiconductor with a narrow band gap (0.278 eV at room temperature) and large Bohr exciton radius (∼46 nm), showing extensive quantum-size effects in nanocrystalline form and great promise in IR photoelectronic and thermoelectric devices [26] [27] [28] [29] . PbSe nanostructures with various morphologies, such as spheres [30] , polyhedrons [31] [32] [33] [34] , stars [31, 33] , rods/wires [34] [35] [36] [37] [38] , hyperbranched nanowire networks [39, 40] and nanocrystal assemblies [41] , have been reported over the past decade. However, there have been only limited reports on the synthesis of tubular PbSe nanostructures [16, 42] . For example, Wu et al synthesized PbSe nanorods and nanotubes through living bio-membrane bi-templates of the mungbean sprout [42] . Interestingly, Zhu et al reported a novel biomolecule-assisted route to the synthesis of lead chalcogenide polycrystalline nanotubes by templating against precursor nanowires composed of cysteine biomolecules, lead nitrate, and ethanolamine (or ethanediamine or ammonia) [16] . In these reports, either the living bio-membrane or the complex 1D precursor was utilized as the template to obtain PbSe nanotubes. Herein, we report a simple approach for the synthesis of PbSe nanotubes by using t-Se nanotubes as the sacrificial template in combination with the solvothermal transformation method.
Moreover, Se@PbSe composite nanotubes and PbSe nanotubes with adjustable wall thickness can be obtained by changing the reaction time.
Experiments

Materials
Lead acetate (Pb(Ac) 2 ·3H 2 O), ascorbic acid (AA), ethylene glycol (EG) and hydrazine hydrate (NH 2 NH 2 ·H 2 O, 85%) were of analytical grade. All the chemicals were used as received and the water used was deionized. The t-Se nanotubes used as the template reagent for the preparation of PbSe nanotubes were synthesized by the dismutation of Na 2 SeSO 3 under acidic conditions in micellar solutions of the non-ionic surfactant poly(oxyethylene) dodecyl ether C 12 E 23 , as described in our previous work [21] .
Synthesis
In a typical synthesis of PbSe nanotubes, Pb(Ac) 2 (0.015 mmol) and ascorbic acid (0.015 mmol) were dissolved in 10 ml of ethylene glycol at room temperature to give a homogeneous and clear solution, to which freshly prepared t-Se nanotubes (about 0.015 mmol) were added and mixed well. The resulting solution was then transferred to a 20 ml teflon-lined stainless steel autoclave. After the autoclave was sealed and maintained at 200
• C for 3 h in a preheated oven, it was removed from the oven and cooled to room temperature. The products were collected by centrifugation and washed with water. For comparison purposes, PbSe nanoparticles were also prepared by the solvothermal transformation of commercial Se powders under similar conditions. For the preparation of Se@PbSe composite nanotubes, the reaction time at 200
• C was decreased to ensure incomplete conversion of t-Se to PbSe (e.g., 20 min). The PbSe nanotubes with thinner walls were obtained by treating the Se@PbSe composite nanotubes with hydrazine to remove unreacted Se.
Characterization
The products were characterized by scanning electron microscopy (SEM, Hitachi S4800, 5 kV), transmission electron microscopy (TEM, JEOL JEM-200CX, 160 kV), high-resolution TEM (HRTEM, FEI Tecnai F30, 300 kV) together with associated energy-dispersive x-ray spectroscopy (EDS), and powder x-ray diffraction (XRD, Rigaku Dmax-2000, Ni-filtered Cu Kα radiation). Specific surface areas were measured on a Micromeritics ASAP 2010 analyzer using Brunauer-Emmett-Teller (BET) analysis based on N 2 adsorption at 77 K.
Raman measurements were made with a Renishaw System 1000 Raman imaging microscope (Renishaw plc, UK) equipped with a 25 mW (632.8 nm) He-Ne laser (model 127-25RP, Spectra-Physics, USA) and a Peltier-cooled CCD detector (576 pixels × 384 pixels). A 50× objective (NA = 0.80) mounted on an Olympus BH-2 microscope was used to focus the laser onto a spot approximately 1 μm diameter and collect the back-scattered light from the sample.
A CHI 660C electrochemical workstation (Shanghai CH Instruments, China) with a conventional three-electrode cell was used to perform electrochemical measurements [43] . The working electrode was a glassy carbon electrode with a diameter of 4 mm. A KCl-saturated calomel electrode (SCE) was used as the reference electrode and a platinum electrode as the auxiliary electrode. All electrochemical experiments were conducted at ambient temperature (25 ± 2
• C) under N 2 protection. For the preparation of PbSe-modified electrodes, the prepared PbSe nanotubes or nanoparticles were dispersed in deionized water to obtain a uniform suspension by sonication. Glassy carbon (GC) electrodes were first polished with 0.05 μm alumina slurry and then washed ultrasonically in distilled water and ethanol for a few minutes. The GC electrodes were coated by casting the suspensions of PbSe nanotubes or nanoparticles and dried under an infrared lamp. Finally, 1 wt% Nafion solution in alcohol was cast on the surface of the sample and dried naturally in the air.
Results and discussion
Figure 1(a) presents a typical SEM image of the t-Se nanotubes used as the template for the synthesis of PbSe nanotubes, which shows that the Se nanotubes have diameters typically ranging from 80 to 300 nm and lengths larger than several micrometers, similar to the reported results [21] . A magnified image shown in the inset confirms that the nanotubes are well-facetted with pseudo-trigonal or pseudo-hexagonal cross-sections. The PbSe product obtained by solvothermal transformation from the t-Se nanotube template at 200
• C for 3 h in the presence of ascorbic acid (AA) with an AA-to-Se molar ratio of 1:1 is shown in figures 1(b) and (c), which suggests that the PbSe product closely maintains the morphology of the initial t-Se template. As shown in figure 1(b), the product exhibits exclusively 1D wire-like nanostructures with diameters typically in the range 80-300 nm and lengths ranging from several micrometers to several tens of micrometers. The hollow or tubular characteristic of the 1D nanostructures is revealed by the enlarged images shown in figure 1(c), which shows that most of the obtained PbSe nanotubes exhibit pseudotrigonal or pseudo-hexagonal cross-sections, indicating a good preservation of the tubular morphology of the original Se nanotubes. However, the surface of the PbSe nanotubes becomes much coarser compared with the initial t-Se nanotubes; furthermore, some of the tubular PbSe mouths are apparently sealed. These observations may be attributed to the high-temperature solvothermal reaction process and a lack of close matching in the crystal lattice between t-Se and PbSe, which could result in the transformation from single-crystalline t-Se nanotubes to polycrystalline PbSe nanotubes. The XRD pattern shown in figure 1(d) exhibits sharp peaks exclusively attributed to PbSe crystals with the cubic rock-salt structure (JCPDS No. 06-0354), confirming a complete transformation from t-Se nanotubes into crystalline PbSe nanotubes.
A typical TEM image of the obtained PbSe product is presented in figure 2(a) , which clearly shows the formation of PbSe nanotubes with a wall thickness about 30-80 nm. The PbSe nanotubes produced, together with the initial tSe nanotubes, were further characterized by Raman scattering spectroscopy and the Raman spectra obtained are presented in figure 3 . As shown in figure 3(a) , t-Se nanotubes show three resonance peaks at 233, 438 and 458 cm −1 , which is characteristic of trigonal selenium, very similar to situation of t-Se nanowires and nanobelts [44] . After the solvothermal transformation into PbSe nanotubes, the resonance peaks corresponding to t-Se nanotubes disappeared and three new resonance peaks appeared at 165, 275 and 800 cm −1 ( figure 3(b) ). The dominant peak around 275 cm
can be assigned to the 2LO( ) phonon mode of the PbSe crystals and the peak around 165 cm −1 may be assigned to the 2LO(X) phonon mode [45] . The high-frequency resonance peak around 800 cm −1 is possibly attributed to the ground state energy of the polaron in the PbSe crystals [46] . This result further confirms the complete transformation from tSe nanotubes into PbSe nanotubes after the solvothermal treatment at 200
• C for 3 h. The effects of various experimental parameters including the reaction temperature, the reductant concentration and the reactant species on the transformation from t-Se nanotubes to PbSe nanotubes have been investigated. First, our preliminary experiments have shown that the synthesis carried out at temperatures lower than 200
• C usually resulted in the coexistence of PbSe nanotubes with some impurities of unknown phases. Moreover, all our attempts conducted in aqueous solutions at relatively low temperatures failed to produce PbSe nanotubes from t-Se nanotubes. Therefore, it is essential to perform the solvothermal transformation at 200
• C in ethylene glycol to ensure the formation of pure PbSe nanotubes. Secondly, it has been found that the concentration of the reductant ascorbic acid (AA) plays a key role in the formation of the PbSe nanotubes. In the typical synthesis of PbSe nanotubes described above, the AA-to-Se molar ratio is kept at 1:1, which means that the added ascorbic acid is adequate. If no ascorbic acid or insufficient ascorbic acid was added to the reaction system, the conversion from t-Se to PbSe still occurred possibly due to the weak reducing ability of the solvent ethylene glycol, as demonstrated by the related XRD results. However, the tubular morphology of the initial t-Se template cannot be preserved well after the transformation in these cases. As shown in figure 4 , cubic-shaped and irregular PbSe particles are the predominant product when there is no ascorbic acid in the reaction system whereas many irregular particles coexist with 1D wire-like nanostructures when the AA-to-Se molar ratio is 1:2, i.e., the added ascorbic acid is insufficient. Therefore, a sufficient amount of ascorbic acid is essential to the exclusive formation of PbSe nanotubes. Thirdly, the reactant species, e.g., the lead source, is another important factor that influences the morphology of the PbSe product. If Pb(NO 3 ) 2 was used instead of Pb(Ac) 2 as the lead source, only cubic-shaped PbSe crystals together with some rodlike PbSe crystals were produced (supplementary information, figure S1 available at stacks.iop.org/Nano/20/025606). The special role of acetate ions in the morphology-controlled synthesis of metal chalcogenide crystals has been frequently observed and discussed in terms of their coordinating ability or ligand role in the literature; examples include the synthesis of hollow CdS spheres [47] , hierarchical star-shaped PbS crystals [48] , and shape-controlled PbSe nanocrystals [33] . In the current situation, a suitable coordinating ability provided by the acetate ions could be responsible for the shape-preserved transformation from t-Se nanotubes to PbSe nanotubes. To summarize, a relatively high reaction temperature (e.g., 200
• C), adequate ascorbic acid, and proper lead source are crucial for preparing PbSe nanotubes via shape-preserved transformation of t-Se nanotubes.
To study the formation mechanism of PbSe nanotubes through solvothermal transformation of t-Se nanotubes at 200
• C, the intermediate products obtained at different reaction time intervals were separated and characterized. Figure 5 shows the XRD patterns of the products obtained at various reaction stages, which gives a clear insight into the transformation degree of t-Se nanotubes. While the t-Se nanotubes only show the diffraction peaks indexed to trigonal selenium, the product obtained after 20 min of reaction shows a weak peak ascribed to cubic PbSe, indicating a partial transformation from t-Se to PbSe. When the reaction time was increased to 30 min, the product shows many sharp diffraction peaks corresponding to PbSe in addition to a small peak attributed to t-Se, suggesting that most t-Se were transformed to PbSe due to the quick transformation reaction. After 3 h of reaction, all the diffraction peaks corresponding to t-Se disappeared, indicating a complete transformation into PbSe nanotubes.
Based on the time-dependent XRD result, a partial transformation of the t-Se nanotubes occurred, probably on the outer surface, at a shorter reaction time (e.g., 20 min), which could lead to the formation of Se@PbSe composite nanotubes consisting of Se nanotubes covered with a PbSe sheath. Furthermore, subsequent removal of the inner Se nanotubes would result in the formation of PbSe nanotubes with thinner walls, suggesting an effective way to prepare PbSe nanotubes with adjustable wall thickness by changing the reaction time. These expectations have been proved feasible by our experimental results (figure 6). Figure 6 (a) presents a representative SEM image of the Se@PbSe composite nanotubes obtained after 20 min of reaction at 200
• C, which suggests that the product closely maintains the morphology of the initial t-Se template. A typical bright-field TEM image of a single Se@PbSe composite nanotube is presented in figure 6 (b), which clearly shows the tubular morphology. The surface of the nanotube becomes a little rougher compared with the initial t-Se nanotube, indicating the formation of a thin sheath of PbSe on the surface of the unreacted t-Se nanotube. The inset of figure 6(b) displays the ED pattern of this Se@PbSe composite nanotube, which essentially consists of sharp spots ascribed to t-Se and discontinuous rings ascribed to PbSe, implying the formation of a polycrystalline PbSe sheath on the surface of single-crystalline t-Se nanotubes. However, it is difficult to distinguish the outer PbSe thin layer from the inner Se layer from the bright-field TEM image as there is only little difference in the contrast for these two materials. To clearly show the bilayer structure of the composite nanotube wall, a dark-field TEM image of the same Se@PbSe composite nanotube obtained by using sharp PbSe reflections is presented in figure 6(c) . A bright outer layer corresponding to the PbSe reflection can be clearly observed, which indicates that the unreacted Se nanotube was actually covered by a thin layer of polycrystalline PbSe. The related EDS spectrum shown in figure 6(f) suggests that the Pb/Se atomic ratio for the Se@PbSe nanotubes is about 3.8/96.2, which indicates that only a small amount of Se has been converted to PbSe and the unreacted Se nanotubes are the predominant composition of the resulting composite nanotubes, in good agreement with the XRD pattern shown in figure 5(b) . The PbSe nanotubes with a thinner wall can be easily obtained by treating the Se@PbSe composite nanotubes with hydrazine to remove unreacted Se. Typical SEM and TEM images of the thusobtained PbSe nanotubes are presented in figures 6(d) and (e), which suggest that the wall thickness is generally less than 20 nm, much thinner than that of the normal PbSe nanotubes described previously (i.e., 30-80 nm). The stoichiometric PbSe composition of the obtained thin-walled PbSe nanotubes has been confirmed by the corresponding EDS spectrum in figure 6 (f), which gives a Pb/Se atomic ratio of approximately 1/1.
Generally, the solvothermal transformation from t-Se nanotubes to PbSe nanotubes in the presence of Pb(Ac) 2 and ascorbic acid (C 6 H 8 O 6 ) in ethylene glycol at 200
• C proceeds according to the following reaction:
Here the transformation reaction of t-Se occurs initially on the outer surface of the t-Se nanotubes due to its direct contact with Pb 2+ ions and ascorbic acid, resulting in a thin sheath of PbSe on the unreacted t-Se nanotubes. Then, the reaction would proceed inwardly due to the inward diffusion of the reactants until a complete transformation of t-Se into PbSe. Obviously, the thickness of the PbSe sheath is dependent on the reaction time. Accordingly, a tentative mechanism for the formation of PbSe nanotubes with different wall thicknesses as well as Se@PbSe composite nanotubes is schematically illustrated in figure 7 . When the reaction time is long enough (e.g., 3 h), the original t-Se nanotubes are completely transformed into pure PbSe nanotubes with a wall thickness comparable to that of t-Se nanotubes. When the reaction time is kept short (e.g., 20 min), only the partial Se near the surface of the t-Se nanotubes is transformed into a PbSe sheath, leading to the formation of Se@PbSe nanotubes. Subsequent removal of the inner Se nanotubes would result in the formation of thinwalled PbSe nanotubes.
The electrochemical properties of the PbSe nanotubes obtained through solvothermal transformation of t-Se nanotubes at 200
• C for 3 h were preliminarily characterized in alkaline solutions by means of cyclic voltammetry. As shown in figure 8 , an oxidation peak, which can be ascribed to the formation of Se (PbSe → Pb 2+ + Se 0 + 2e), and a reduction peak, which can be ascribed to subsequent reduction of Pb 2+ (Pb 2+ + 2e → Pb 0 ), are observed for both electrodes. While the nanoparticle-modified electrode shows an oxidation peak at ∼0.788 V and a reduction peak at ∼0.195 V, the nanotube-modified electrode shows an oxidation peak at a less positive potential (∼0.733 V) and a reduction peak at a more positive potential (∼0.310 V). This result indicates that the PbSe nanotubes prepared by solvothermal transformation of t-Se nanotubes exhibit considerably higher electrochemical activity compared with the PbSe nanoparticles prepared by the similar method. The BET surface area of the PbSe nanoparticles was measured to be 3.6 m 2 g −1 whereas the PbSe nanotubes show a considerably higher surface area, that is, 11.6 m 2 g −1 . These results suggest that the higher electrochemical activity of PbSe nanotubes might be related to the larger accessible active surface of the nanotubes, but the exact mechanism remains to be elucidated. It would be worthwhile to perform a detailed investigation on the electrochemical properties of the PbSe nanotubes with different wall thicknesses, which is currently under way.
Conclusion
Controlled synthesis of polycrystalline PbSe nanotubes was successfully realized by a reactive template approach via solvothermal transformation of t-Se nanotubes in the presence of Pb(Ac) 2 and ascorbic acid in ethylene glycol at 200
• C. It was revealed that a relatively high reaction temperature, adequate ascorbic acid, and proper lead source were crucial for preparing PbSe nanotubes via shapepreserved transformation of t-Se nanotubes. Novel Se@PbSe composite nanotubes consisting of Se nanotubes covered with a PbSe sheath were obtained by shortening the reaction time, and subsequent removal of the inner Se nanotubes resulted in the formation of thin-walled PbSe nanotubes (less than 20 nm in wall thickness).
According to the experimental observations, a plausible mechanism for the formation of PbSe nanotubes as well as Se@PbSe composite nanotubes was proposed. Furthermore, preliminary electrochemical measurements showed that the prepared PbSe nanotubes exhibited considerably higher electrochemical activity compared with the PbSe nanoparticles prepared by the similar method. This solvothermal transformation method provides a simple and effective route to fabricate PbSe nanotubes with adjustable wall thicknesses and Se@PbSe composite nanotubes with tunable compositions, which would find potential applications including nanodevice fabrication. This reactive template-based approach is also potentially extendable to the controlled synthesis of other kinds of selenide or telluride nanostructures if suitable Se or Te templates are employed.
